Purpose To characterize the optic nerve head (ONH) structure in patients with non-arteritic anterior ischemic optic neuropathy (NAION) compared to healthy control subjects using spectral domain optical coherence tomography (SD-OCT) via the enhanced depth imaging method. Methods In this prospective, cross-sectional, comparative study, we assessed 66 eyes of 33 patients with unilateral NAION and 31 eyes of 31 healthy normal subjects in an academic institution. The peripapillary nerve fiber layer thickness, disc area, and quantitative parameters of the ONH structures, including the Bruch's membrane opening (BMO) area, anterior laminar depth, and prelaminar thickness and depth were compared between the three groups. Results Linear mixed model analysis after adjusting for age, sex, and axial length showed that the BMO area was similar in eyes with NAION (1.89 ± 0.33 mm 2 ), their fellow eyes (1.85 ± 0.35 mm 2 ), and control eyes (1.88 ± 0.37 mm 2 ; all P40.99). Anterior laminar depth was also similar in the three groups. The mean prelaminar tissue thickness of the NAION eyes was 445 ± 176 μm, which was thinner than the prelaminar tissue of their unaffected fellow eyes (mean, 539 ± 227 μm, P = 0.004), but both were thicker than the prelaminar tissue of the normal subjects (mean 243 ± 145 μm, P = 0.001 and Po0.001, respectively). Conclusions The thick prelaminar thickness is associated with unilateral NAION in the affected and unaffected eyes.
Introduction
Non-arteritic anterior ischemic optic neuropathy (NAION) is the most common clinical presentation of acute ischemic damage to the optic nerve and is characterized by a sudden painless visual loss, optic disc edema, and peripapillary hemorrhage. 1 Although the detailed cause of NAION is unclear, previous studies have found a clinically smaller optic disc area, a crowded optic nerve, and a smaller cupto-disc ratio in the unaffected fellow eyes of patients with unilateral NAION when compared to control eyes. [2] [3] [4] [5] A small scleral canal opening and Bruch's membrane opening (BMO), and an abnormally stiff lamina cribrosa (LC) are also hypothetically considered as the main risk factors for the development of NAION. 6 Spectral domain optical coherence tomography (SD-OCT) with enhanced depth imaging (EDI) can reliably capture highresolution images of the deep optic nerve in glaucoma. There are fundamental differences between the clinical examination of the optic disc and SD-OCT imaging of the optic nerve head (ONH). [7] [8] [9] [10] [11] [12] Our previous observation has shown that ONH in glaucoma patients is characterized by LC thinning compared to NAION eyes. 12 A recent study has reported prelaminar tissue thickening and BMO enlargement in the acute edematous NAION eyes compared with unaffected eyes, with reversal of changes during follow-up. 13 The morphologic characteristics of the optic disc before the onset of NAION could provide further information regarding the possible underlying predisposing factors through investigating the unaffected fellow eyes compared to control healthy eyes. Therefore, we measured the peripapillary retinal nerve fiber layer (pRNFL) and ONH quantitative parameters, including the anterior LC depth, prelaminar tissue thickness, BMO distance, and BMO area in patients with chronic unilateral NAION, their unaffected fellow eyes, and healthy normal subjects using the Spectralis-OCT software and compared the results among these groups.
Material and methods

Subjects
Patients with chronic unilateral NAION and age-matched healthy control subjects who were visited at the outpatient clinic of Farabi Eye Hospital between July 2014 and October 2015 were enrolled in this prospective, crosssectional, comparative study. The study was approved by the Ethics Committee of Tehran University of Medical Science and all investigations adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from each participant after receiving a detailed explanation of the nature and objective of the study.
All the subjects underwent a thorough ophthalmic evaluation, including slit-lamp biomicroscopy, bestcorrected visual acuity (BCVA) using a LogMAR chart, refractive error examination with an autorefractometer, intraocular pressure (IOP) by Goldman applanatation tonometry, fully dilated fundus examination with defining clinically cup-to-disc ratio, as well as axial length measurement using ocular biometry (IOL Master, Carl Zeiss Meditec, Dublin, CA, USA). Perimetry was performed using the standard Swedish Interactive Thresholding Algorithm (SITA) with the 24-2 pattern on the Humphrey Field Analyzer (Carl Zeiss Meditec). Only reliable results were included.
The patients also underwent ONH and RNFL imaging using EDI SD-OCT (Specteralis, HEYEX software 6.0 Heidelberg Engineering, Heidelberg, Jena, Germany).
The inclusion criteria for unilateral NAION were a past history of sudden, painless visual loss in one eye together with optic disc swelling and/or superficial hemorrhage on the border of the disc or adjacent retina that occurred 43 months ago (by confirming the objective signs, or by asking the referring ophthalmologists), and an ophthalmologically healthy fellow eye. At the time of the study, optic disc swelling had subsided, and disc borders were sharp and discrete. The exclusion criteria for NAION patients were having an ocular or neurologic disease other than NAION, especially possible evidence of glaucoma, bilateral NAION, acute NAION, evidence of arteritic AION (systemic manifestations of giant cell arteritis, an erythrocyte sedimentation rate450 mm/h and a positive C-reactive protein) or inflammatory optic neuritis.
The control group comprised age-matched subjects with a best-corrected visual acuity of ≥ 20/30, intraocular pressure of ≤ 21 mm Hg, an open angle, normal optic disc appearance on fundus examination, and no visual field or pRNFL defects.
In all groups, patients below 18 years of age and those with refractive errors ≥ +6.00 or ≤ − 6.00 D or more than ± 3.00 D astigmatism, a history of ocular surgery (except for uncomplicated cataract surgery), or a glaucomatous or neurological disease were also excluded.
Optical coherence tomography measurements
Images were obtained using EDI-OCT after pupil dilation, and viewed and measured with the Heidelberg Eye Explorer software. Images with poor centration, segmentation errors, or poor quality (o15 dB) were excluded from analysis. Two sets of scans were obtained for each eye: pRNFL and ONH.
The measurement of the pRNFL was performed using the standard 360°, 3.4 mm diameter circular scan and the mean PRNFL values were recorded.
For the ONH scan, the EDI-OCT device was set to image a 15 × 15-degree rectangle centered on the optic disc. This rectangle was divided into approximately 73 sections and each one had 42 OCT frames on average. From these horizontal B-scans, 3 frames (center, midsuperior and mid inferior) that passed through the ONH were selected and the anterior laminar depth (ALD) was measured in each of these frames. Prelaminar tissue thickness and prelaminar depth were measured only from the central ONH frame. The BMO was defined as the termination of the Bruch's membrane (one point on each side of the B-scan) and the line connecting both ends of the Bruch's membrane was defined as the BMO distance ( Figure 1 ). The BMO area was the area created by connecting each side of several BMO distance lines. Laminar position measurements were made as close to the line perpendicular from the midpoint of the BMO reference plane as possible. When a vessel trunk made it difficult to take measurements (especially on the nasal side of disc), the measurements were performed on the temporal side.
The distance between the internal limiting membrane of the optic nerve head and the midpoint of the BMO was labeled the prelaminar depth. When the internal limiting membrane dipped below the BMO, we used plus sign. A minus sign for prelaminar depth description indicated elevation of the tissue from the BMO. The arbitrary plus or minus sign was used to differentiate depression and elevation of the ONH surface. The LC was identified as a highly reflective plate-like structure after adjusting the brightness and contrast of the images. The prelaminar thickness was defined as the perpendicular distance (direction normal to the BMO reference plane) between the internal limiting membrane surface and anterior laminar surface. For this measurement in a central B-scan, the distance from the maximally depressed point of the optic nerve surface (in a temporal direction) to the level of anterior border of LC was measured. Only the temporally depress point was selected because the elevated nasal points were often caused by vessel trunk of which the shadow obscured the LC. 14 The perpendicular distance from the BMO reference plane to the anterior laminar surface was termed the ALD ( Figure 1 ). In the last step, the inner tip of the BMO was marked on all raster scans. The location of the inner tip of the BMO on B-scans was projected onto SD-OCT en face infrared images and these locations were connected together to calculate the BMO area ( Figure 2 ). 15 All images were analyzed by two specialists (SM and MAF) in two different sessions. To evaluate the intra-observer and inter-observer reproducibility of the ONH, 15 randomly selected EDI-OCT B-scans from 15 eyes were evaluated. The absolute agreement of a single observer's measurements and the average of the measurements conducted by the 2 observers were calculated using the intra-class correlation coefficient (ICC) via a two-way mixed effect model. Finally, the clinical optic disc contour was marked twice at the inner border of the scleral ring on infrared images while viewing color photographs of the optic disc by an experienced clinician (MAF). 4, 16 The OCT software calculated the optic disc area parameter. The average of the two values was recorded as the optic disc area. The clinical optic disc area was measured as a risk factor for NAION in comparison with the BMO area.
Statistical methods
Data are presented as mean and SD. To compare the demographic characteristics of the patients, we ignored the unaffected fellow eye of the NAION patients and compared the three groups by t-test and χ 2 -test. Then, we employed a linear mixed model to evaluate the ONH parameters between groups using the Bonferroni correction for multiple comparisons and inter-eye correlation. In the last step, another linear mixed model was used to adjust the effect of age, gender, and axial length in our analysis. Multivariable linear regression model also was used to evaluate the relationship between the prelaminar thickness with cup-disc-ratio, age, gender, and axial length. The SPSS software (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY, USA: IBM Corp.) was used for all statistical analyses. P-values o0.05 were considered significant.
Results
Thirty-five patients with chronic unilateral NAION and thirty-five healthy eyes were initially enrolled in this study. Six patients with poor image quality were excluded. Therefore, 66 eyes of 33 patients with unilateral NAION and 31 eyes of 31 healthy normal subjects were included in this study.
The basic characteristics of the study participants are listed in Table 1 . There were no statistically significant differences in age, gender and axial length between the NAION and control eyes. The mean deviation of the visual field was − 19.43 ± 8.8 dB in the NAION eyes. Mean cup-to-disc ratio was 0.14 ± 0.10, 0.10 ± 0.09, and 0.31 ± 0.16 in NAION and unaffected fellow eyes, and control eyes, respectively. Cup-to-disc ratio in NAION and fellow eyes was smaller than that of control eyes (Po0.001). The mean pRNFL of the NAION group was significantly thinner than that of the healthy control group and the unaffected fellow eyes (P = 0.001 and P = 0.03, respectively).
Intra-observer and inter-observer reproducibility ranged from an ICC of 0.852 to 0.999 for various ONH parameters (Table 2) .
Linear mixed model analysis showed a statistical difference in the disc area but there were no significant differences in the superior, inferior, and central ALD, and the BMO distance and area among the three groups (Table 3) Linear mixed model analysis showed statistical differences in the central prelaminar depth and thickness between the groups.
In the NAION group, the mean central prelaminar depth was − 110 ± 61 μm, which was thinner than that of the unaffected fellow eyes (−167 ± 172 μm, P = 0.03). The mean prelaminar depth in the control group was 81 ± 129 μm, and there was a significant difference between the control group, the NAION group, and the fellow eyes (both Po0.001), indicating that the prelaminar depth was significantly elevated in both NAION and fellow eyes (with minus sign) compared to control eyes, which was shallow (Figure 2) .
The mean prelaminar tissue thickness of the NAION group was 445 ± 176 μm which was thinner than the unaffected eyes (mean, 539 ± 227 μm, P = 0.004), but both were thicker than the prelaminar tissue of the normal subjects (mean 243 ± 145 μm, P = 0.001 and Po0.001, respectively).
In all study eyes cup-to-disc ratio was significantly correlated central prelaminar thickness (r = − 0.37, Po0.001). Multivariate linear regression analysis that controlled for the effect of potential confounders (age, gender, and axial length) showed that 0.1 decrease in cupto-disc ratio was associated with 48.11 μm increase in central prelaminar thickness (Po0.001).
Discussion
Accurate characterization of the ONH structure and the potential risk factors of ischemic event would be of clinical use in NAION. In the present study, we used the EDI SD-OCT quantification to compare the ONH parameters between old unilateral NAION eyes, 17 in the ONH and prelaminar depth elevation in NAION, the prelaminar depth was still greater in NAION when compared to control eyes rather than prelaminar neural tissue thinning due to nerve fiber layer loss in NAION patients. We also observed a thick prelaminar tissue not only in NAION eyes but also in the unaffected fellow eyes of NAION patients compared to healthy eyes. Prelaminar depth was compared between the unaffected fellow eyes of the patients with NAION and normal control eyes to assess the premorbid characteristics of eyes with NAION. Considering the presence of a thick prelaminar tissue in both the involved and uninvolved eye of patients with NAION, one can postulate this as a primary event rather than a secondary phenomenon. In other words, because the contralateral unaffected eyes of the patients with unilateral NAION could be involved, one may suppose that the thick prelaminar tissue may have been present before the onset of the disease in our NAION patients. Another contributing factor for developing NAION are the cupless optic nerve. [2] [3] [4] [5] [6] We also found smaller cup-todisc ratio in NAION and their unaffected eyes compared to control eyes and 0.1 decrease in cup-to-disc ratio was associated with 48.11 μm increase in prelaminar thickness. Therefore, thick prelaminar tissue might stem from the original observation that the cup-to-disc ratio is smaller in these patients.
Previous studies have shown small optic disc diameter in affected and unaffected eyes of NAION. 16, 18 Hayreh et al 6 'hypothesized' that the optic discs of NAION patients tended to have smaller openings in their Bruch's membrane than the general population, resulting in crowding of the optic disc. However, the BMO area was similar in NAION eyes (1.89 ± 0.33 mm 2 ), fellow eyes (1.85 ± 0.35 mm 2 ), and control eyes (1.88 ± 0.37 mm 2 ) and we did not find any differences in the BMO diameter and BMO area between the three groups. Similarly, Sibony et al 19 did not find any differences in the horizontal diameter of the neural canal opening between NAION and normal eyes. A recent study also did not find any differences in the BMO area between NAION and control subjects. 20 The discrepancy between the optic disc size in previous studies and the BMO area in our study could be Optic nerve head in ischemic optic neuropathy S Moghimi et al explained by the fact that the BMO does not always coincide with the clinical optic disc margin. The SD-OCT structure most commonly coinciding with the clinically identified disc margin was a location on the Bruch's membrane with a border tissue beneath (when the innermost edges of Bruch's membrane and border tissue did not coincide) and the termination of Bruch's membrane infrequently colocalized with the optic disc margin. 12, 21 Therefore, a thicker prelaminar tissue and its associated small cup-to-disc ratio (but not a small BMO area) in NAION and fellow eyes contribute to the structural optic nerve crowding as they pass through a restricted space in the optic disc. This 'crowded' morphologic appearance is believed to predispose the optic nerve head to ischemia because of presumed structural crowding of the approximately 1 million axons. 18 Recent study evaluated the influence of acute NAION on the LC position and prelaminar thickness. They observed a significant thickening of the prelaminar thickness with backward movement of the LC and enlargement of BMO diameter in the acute phase, followed by significant prelaminar thinning and forward LC movement at 2 and 6 months. However, they did not include normal controls and did not measure BMO area. 13 In this study, we also found that the prelaminar tissue thickness decreased in NAION eyes compared to unaffected fellow eyes. Similarly, Henkind et al 22 demonstrated the atrophy of the prelaminar tissue in the histological findings of a 67-year-old woman with arterial anterior ischemic optic neuropathy. The loss of retinal ganglion cells and their axon in NAION eyes might cause prelaminar thinning. 23, 24 Similar to ischemic optic neuropathy, compressive optic neuropathy accompanies thinning of the mean prelaminar tissue thickness without laminar remodeling. 25 There were no significant differences in the superior, inferior, and central ALD, among the three groups in our study and it has been shown that the absence of laminar deformation determines the feature of nonglaucomatous optic neuropathy. 12, 26 Our study had several limitations. Our sample size was small but it was in line with previous studies. However, given the very significant difference in thickness between the groups, the overall results of the study could be generalized. On the other hand, visualizing LC, on the other hand, could be more difficult in NAION patients with a thick prelaminar tissue, resulting in poor resolution of the LC layer. Also, we used the BMO as a reference plane in one B-scan for measuring the laminar and prelaminar depth and we did not create our reference plane based on all BMO points. Therefore, it is possible that laminar measurements in a single plane were not exactly perpendicular to the best fit plane of the BMO anatomy. However, this possible error could occur to all three groups to the same degree and our comparisons between groups were not therefore affected. In addition, since the Bruch's membrane lies on the anterior surface of the choroid, the BMO position may be influenced by the choroidal thickness. 27 In fact, There are reports of an increased peripapillary choroidal thickness in the NAION patients, 16, 20 indicating that the laminar depth under the BMO might be overestimated. However, it is likely that the measurement of the structures anterior (above) to the BMO such as the prelaminar depth and prelaminar thickness was not affected in NAION patients. 27 In conclusion, we found thinning of the peripapillary nerve fiber layer tissues without important laminar involvement in NAION eyes. The prelaminar depth and thickness were greater in NAION and unaffected fellow eyes when compared to the control eyes.
Summary
What was known before K A clinically smaller optic disc area, a crowded optic nerve, and a smaller cup-to-disc ratio were considered as the main risk factors for development of non-arteritic anterior ischemic optic neuropathy (NAION).
What this study adds K A thicker prelaminar tissue and its associated small cupto-disc ratio (but not a small BMO area) in NAION and fellow eyes contribute to the structural optic nerve crowding as they pass through a restricted space in the optic disc.
